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Introduction {#sec1}
============

Phagocytosis is an evolutionarily conserved mechanism by which immune cells take up foreign particles for degradation, such as microbial pathogens and tumor cells. Phagocytosis, thereby, plays an essential role in the defense against disease. Actin executes a pivotal function in phagocytosis with its precise role depending on the stimuli and receptors involved ([@bib24], [@bib57], [@bib68], [@bib79]). F-actin-rich protrusions facilitate the initial capture of phagocytic targets. Actin is polymerized around the nascent phagosome forming a cage that helps wrapping of the membrane for particle engulfment and membrane fission. The actin cytoskeleton also exerts physical forces for pulling the pathogen inside the cell from the outside environment ([@bib57]). Although the precise course of actin cytoskeleton assembly varies for different receptors ([@bib1], [@bib11], [@bib49]), actin polymerization is mediated by small GTPases of the RHO family: CDC42, RHOA, and RAC1 ([@bib11], [@bib57], [@bib79]). Within minutes after internalization, actin is depolymerized, a step that is required for the unhindered fusion of the maturing phagosome with endomembranes ([@bib22], [@bib54]). The maturation process that succeeds phagosome formation can be accompanied by successive waves of actin polymerization and depolymerization, which can facilitate or impede additional fusion events with endolysosomal compartments ([@bib2], [@bib33], [@bib47], [@bib88]). Despite phagocytosis being a well-studied phenomenon, the molecular mechanisms for F-actin cage tethering to the phagocytic surface are not clear. The structure of the phagosomal actin cage has also not been resolved, as F-actin is densely packed around the phagosome, and there is a lack of high resolution data.

In this study, we report that the actin cage in dendritic cells is connected to phagosomes by the 69 kDa scaffolding protein SWAP70. SWAP70 is expressed in many cell types, including mast cells ([@bib34]), fibroblasts ([@bib73]), dendritic cells ([@bib60]), monocytes, and macrophages ([@bib38]). In these cells, the absence of SWAP70 leads to defects in actin polymerization and impairs cell migration, adhesion, polarization, and morphology ([@bib3], [@bib15], [@bib27], [@bib59], [@bib62], [@bib64], [@bib67], [@bib73], [@bib76]). SWAP70 can directly bind, bundle, and stabilize actin filaments by means of its C-terminal actin binding domain ([@bib13], [@bib28], [@bib38], [@bib43], [@bib59], [@bib65], [@bib73]). SWAP70 regulates cellular actin dynamics and organization via activation of RHOA and RAC1 ([@bib20], [@bib60], [@bib61], [@bib62], [@bib73], [@bib76], [@bib77]). Binding of SWAP70 to phosphoinositides is required for this activation of RHO-GTPases ([@bib59], [@bib73]). We found that SWAP70 was transiently recruited to nascent phagosomes in human monocyte-derived dendritic cells. SWAP70 remained associated to these phagosomes shortly after phagocytic cup closure by specific binding of its Pleckstrin homology (PH-) domain to phosphatidylinositol (3,4)-bisphosphate (PI(3,4)P~2~) and to a lesser extent to phosphatidylinositol (3,4,5)-trisphosphate (PI(3,4,5)P~3~). Knockdown of SWAP70 by small interfering RNA (siRNA) significantly decreased RAC1 activation, actin polymerization, and phagocytic capability. Multi-color super-resolution STED microscopy showed that SWAP70 overlapped with RAC1 and aligned with parallel F-actin filaments and concentric rings surrounding the phagosome. These F-actin structures were not observable upon siRNA knockdown of SWAP70. Our findings show that SWAP70 is a scaffolding protein that promotes particle internalization by enabling the formation of the phagosomal actin cage.

Results {#sec2}
=======

SWAP70 Aligns with F-Actin Filaments on the Surface of Early Phagosomes {#sec2.1}
-----------------------------------------------------------------------

Because SWAP70 can bind directly to F-actin via its C-terminal region ([@bib13], [@bib38], [@bib43]) and can regulate cellular actin dynamics and organization via activation of RHOA and RAC1 ([@bib20], [@bib60], [@bib61], [@bib62], [@bib73], [@bib76], [@bib77]), we hypothesized that SWAP70 would have an important role in the formation of the phagocytic actin cage. To prove this hypothesis, we first investigated whether SWAP70 is recruited to phagosomes. Dendritic cells derived from monocytes isolated from blood of healthy volunteers were pulsed with zymosan particles, a cell wall preparation of the yeast *Saccharomyces cerevisiae.* Zymosan signals through a number of pattern recognition receptors, including Toll-like receptor 2 and the C-type lectin CLEC7A (Dectin-1). Zymosan is taken up by CLEC7A, which is the main phagocytic receptor for live fungi ([@bib29]). Cells were immunolabeled for SWAP70 and F-actin was stained with fluorescently labeled phalloidin. A substantial portion of SWAP70 localized to F-actin-rich phagosomes that often (35%--70%, depending on the donor) were positive for SWAP70 ([Figures 1](#fig1){ref-type="fig"}A and 1B). Live cell experiments with dendritic cells overexpressing SWAP70 fused to GFP revealed transient recruitment of SWAP70 to phagosomes simultaneously with the F-actin binding probe LifeAct-RFP ([@bib66]) ([Figures 1](#fig1){ref-type="fig"}C and 1D; [Movie S1](#mmc2){ref-type="supplementary-material"}). We performed three-dimensional super-resolution stimulated emission depletion (STED) microscopy to visualize the ultrastructure of SWAP70 on the surface of the phagosomes. The cores of the zymosan particles were visualized by their auto-fluorescence in the GFP channel. Filamentous structures of SWAP70 were distinguishable by STED but not by conventional confocal microscopy ([Figure 1](#fig1){ref-type="fig"}E). Interestingly, we frequently observed that SWAP70 was arranged in parallel arched structures that aligned with the membrane of the phagosome ([Figure 1](#fig1){ref-type="fig"}F; [Movies S2](#mmc3){ref-type="supplementary-material"}, [S3](#mmc4){ref-type="supplementary-material"}, and [S4](#mmc5){ref-type="supplementary-material"}). We also often observed concentric ring-like structures of SWAP70 ([Figure 1](#fig1){ref-type="fig"}G; [Movies S5](#mmc6){ref-type="supplementary-material"} and [S6](#mmc7){ref-type="supplementary-material"}). This observation raised the possibility that SWAP70 would align with the F-actin filaments previously described to form around the phagocytic cup following uptake of non-opsonized zymosan ([@bib30], [@bib42], [@bib54]). We performed multi-color STED microscopy to address this possibility and observed perfect alignment of the F-actin filaments with SWAP70 ([Figures 1](#fig1){ref-type="fig"}H--1J; [Movie S7](#mmc8){ref-type="supplementary-material"}). These results suggest a role for SWAP70 in the organization and/or formation of peripheral actin filaments on the phagosome. We next investigated when and under what conditions SWAP70 was recruited to phagosomes.

The recruitment of SWAP70 to phagosomes was not dependent on the type of phagocytic receptor, as it was broadly observed for different phagocytic cargoes, such as IgG-opsonized and naked latex beads (taken up by integrin αMβ2) ([@bib24]) ([Figures 2](#fig2){ref-type="fig"}A and [S1](#mmc1){ref-type="supplementary-material"}A). Remarkably, the recruitment of SWAP70 to phagosomes was much stronger than to other actin-rich structures, such as podosomes (\>5-fold based on fluorescence intensity; [Figure 2](#fig2){ref-type="fig"}B). SWAP70 has been shown to locate to podosomes in mouse dendritic cells, but its role there is not clear, as it is not required for podosome formation or turnover ([@bib31]). Although SWAP70 has been detected in nuclear fractions of B cells ([@bib6]) and mouse dendritic cells ([@bib63]), we did not detect endogenous or overexpressed SWAP70 in the nucleus of human monocyte-derived dendritic cells. In order to determine when SWAP70 was recruited to phagosomes, dendritic cells were pulsed with fluorescein isothiocyanate (FITC)-labeled zymosan followed by immunolabeling with an antibody directed against FITC (i.e., without permeabilization). Zymosan particles that were completely taken up by the dendritic cells are inaccessible to antibody, allowing for selective labeling of free zymosan and nascent phagocytic cups. SWAP70 was recruited to sealed phagosomes (i.e., no anti-FITC labeling) and to nascent cups ([Figure 2](#fig2){ref-type="fig"}C; [Movie S8](#mmc9){ref-type="supplementary-material"}). SWAP70 was only transiently recruited to phagosomes, as the total fraction of all SWAP70-positive phagosomes readily decreased in time ([Figure 2](#fig2){ref-type="fig"}D). As expected, the fraction of nascent cups compared to total phagosomes also readily decreased in time as more and more zymosan particles were fully internalized ([Figure 2](#fig2){ref-type="fig"}E). Approximately 50% of all nascent cups were positive for SWAP70 at all time points tested ([Figure 2](#fig2){ref-type="fig"}F). SWAP70 resided on phagosomes for ∼1--3 min after zymosan uptake based on the time-lapse imaging of dendritic cells expressing SWAP70-GFP, although we sometimes observed considerable longer residence times (up to 10--15 min; [Figure 2](#fig2){ref-type="fig"}G). We performed co-immunofluorescence labeling experiments to determine whether SWAP70 was still present on early phagosomes defined by the presence of the early endosomal protein EEA1 ([Figures S1](#mmc1){ref-type="supplementary-material"}B and S1C). We could not find a single phagosome positive for both EEA1 and SWAP70, indicating that SWAP70 dissociated from the phagosomes prior to EEA1 recruitment. We also observed complete exclusion of SWAP70 with the late endosomal/lysosomal protein LAMP1 ([Figures S1](#mmc1){ref-type="supplementary-material"}D and S1E). In agreement with these findings, live cell imaging revealed that SWAP70-GFP was recruited ∼3 min prior to mRFP-tagged RAB5A ([@bib84]), an early endosomal small GTPase that binds EEA1 ([Figures 2](#fig2){ref-type="fig"}H and 2I; [Movie S9](#mmc10){ref-type="supplementary-material"}). These results mirror the transient recruitment of SWAP70 to macropinosomes in mouse dendritic cells prior to RAB5A ([@bib60]). Thus, in most cases, SWAP70 is already recruited to the nascent cup during phagosome formation and disappears within minutes after cup closure prior to the recruitment of EEA1.

Phagosomal Recruitment of SWAP70 Is Promoted by PI(3,4)P~2~ {#sec2.2}
-----------------------------------------------------------

The phosphoinositide composition of phagosomes changes progressively during phagosome formation and maturation. Phosphatidylinositol (4,5)-bisphosphate (PI(4,5)P~2~), which is the predominant phosphoinositide at the plasma membrane ([@bib83]), converts into PI(3,4,5)P~3~ by the action of PI3-kinases ([@bib32], [@bib35], [@bib40], [@bib80]). PI(3,4,5)P~3~ is then dephosphorylated by SHIP1 (INPP5D) and SHIP2 (INPPL1), yielding PI(3,4)P~2~ ([@bib8], [@bib19], [@bib25]), which in turn is converted into PI(3)P by PI 4-phosphatases. Both SHIP1 and 2 are expressed by human monocyte-derived dendritic cells ([Figure S2](#mmc1){ref-type="supplementary-material"}A). As EEA1 is known to be recruited to early phagosomes by binding to phosphatidylinositol 3-phosphate (PI(3)P) ([@bib51], [@bib75]), we speculated that SWAP70 is recruited to the phagosome through its known binding partners PI(3,4)P~2~ and PI(3,4,5)P~3~ ([@bib38], [@bib73]). To assess this, we overexpressed in dendritic cells GFP-tagged probes with specificity for several phosphoinositide species: the PLCδ1 (PLCD1) PH-domain specific for PI(4,5)P~2~ ([@bib50], [@bib78]), the PH-domain of AKT specific for PI(3,4,5)P~3~ and less for PI(3,4)P~2~ ([@bib48], [@bib69]), the PH-domain of TAPP2 (PLEKHA2) specific for PI(3,4)P~2~ ([@bib56]), the PX-domain of p40phox (NCF4) specific for PI(3)P ([@bib45]), and the N-terminal sequence of MCOLN1 specific for PI(3,5)P~2~ ([@bib53]). We then tested the co-localization of endogenous SWAP70 (i.e., by immunostaining) with these phosphoinositide-probes ([Figures 3](#fig3){ref-type="fig"}A and 3B). Of all probes, co-localization of SWAP70 on phagosomes was strongest with the probe sensing PI(3,4)P~2~ (∼70% of all PI(3,4)P~2~ positive phagosomes). Live cell imaging of dendritic cells co-expressing the GFP-tagged probes together with SWAP70 fused to mCherry showed simultaneous recruitment of SWAP70 and the probe for PI(3,4)P~2~ to phagosomes ([Figures S2](#mmc1){ref-type="supplementary-material"}B and S2C; [Movie S10](#mmc11){ref-type="supplementary-material"}). The probes for PI(4,5)P~2~ and PI(3,4,5)P~3~ were mostly present on phagosomes before SWAP70-mCherry was recruited and the probe for PI(3)P was recruited later than SWAP70-mCherry ([Figures S2](#mmc1){ref-type="supplementary-material"}D--S2I; [Movies S11](#mmc12){ref-type="supplementary-material"}, [S12](#mmc13){ref-type="supplementary-material"}, and [S13](#mmc14){ref-type="supplementary-material"}). Experiments with co-expression of the mCherry-tagged PH-domain of SWAP70 (amino acid residues 210--306) with our GFP-tagged phosphoinositide probes demonstrated that PI(3,4)P~2~ binding was mediated by the PH-domain of SWAP70 ([Figures 3](#fig3){ref-type="fig"}C, [S3](#mmc1){ref-type="supplementary-material"}A, and S3B). Phagosome binding was not observed for the PH-domain carrying mutations R223E and R224E ([Figure S3](#mmc1){ref-type="supplementary-material"}C), which is unable to bind to phosphoinositides in vitro ([@bib38]).

To further validate the role of PI(3,4)P~2~ in SWAP70 recruitment, we cultured dendritic cells in the presence of the specific SHIP1 inhibitor 3-a-aminocholestane (3AC) or the specific SHIP2 inhibitor AS1949490 ([@bib8]). We selected concentrations of 25 and 50 μM for 3AC and 10 and 25 μM for AS1949490; just below and above the concentrations where cellular viability and phagocytosis capacity were affected ([Figures 3](#fig3){ref-type="fig"}D, 3E, [S3](#mmc1){ref-type="supplementary-material"}D, and S3E). These concentrations of 3AC and AS1949490 resulted in a lower recruitment of the PI(3,4)P~2~ probe to phagosomes compared to the solvent controls, indicating a reduced presence of PI(3,4)P~2~ at the phagosomes ([Figures S3](#mmc1){ref-type="supplementary-material"}F--S3H). We also observed ∼50% reduction of phagosomes containing SWAP70 with 3AC or AS1949490 ([Figures 3](#fig3){ref-type="fig"}F--3H), supporting a role for PI(3,4)P~2~ in phagosomal recruitment of SWAP70. This reduced recruitment of SWAP70 was not due to a general trafficking defect, because the presence of gp91phox (CYBB, an integral membrane component of the NADPH oxidase NOX2) at the phagosome was not affected by 3AC nor AS1949490 ([Figures S3](#mmc1){ref-type="supplementary-material"}I--S3K).

PI(3,4)P~2~ is not the only factor recruiting SWAP70 to the phagosome, as the PH-domain alone showed considerably higher cytoplasmic background compared to endogenous SWAP70 ([Figure S3](#mmc1){ref-type="supplementary-material"}a) and to overexpressed full-length SWAP70 fused to GFP ([Figure S4](#mmc1){ref-type="supplementary-material"}). This is also indicated by the finding that a GFP-tagged full-length SWAP70 mutant unable to bind to phosphoinositides (R223E and R224E ([@bib38])) was still recruited to phagosomes, albeit less efficiently than wild-type SWAP70 ([Figure S4](#mmc1){ref-type="supplementary-material"}). We tested GFP-tagged N- and C-terminal truncation mutants of SWAP70 to test which domains contribute to SWAP70 binding to phagosomes. Truncation mutants of SWAP70 lacking its N-terminal fragment containing the EF-hand motif or its C-terminal fragment containing the putative Dbl-homology domain (DH) ([@bib73]) and actin-binding domain were recruited to phagosomes less efficiently compared to full-length SWAP70 ([Figure S4](#mmc1){ref-type="supplementary-material"}), indicating that not only the PH-domain but also the N- and C-terminal regions contribute to phagosomal recruitment of SWAP70. These results compare well with the reported domain requirement for binding of SWAP70 to macropinosomes ([@bib60]), except that the PH-domain alone is recruited to phagosomes ([Figure S3](#mmc1){ref-type="supplementary-material"}a, [S4](#mmc1){ref-type="supplementary-material"}) but not to macropinosomes ([@bib60]). Possibly, phagosomes have prolonged presence and/or higher levels of PI(3,4)P~2~ than macropinosomes. F-actin is not a major contributor for phagosomal SWAP70 recruitment, as mutants lacking part of or the entire C-terminal actin-binding domain ([@bib43]) were recruited to phagosomes with similar efficiency as full-length SWAP70 ([Figure S4](#mmc1){ref-type="supplementary-material"}).

SWAP70 Controls Phagocytosis via F-Actin Polymerization {#sec2.3}
-------------------------------------------------------

We then addressed the functional role of SWAP70 in phagocytosis. We first evaluated how siRNA knockdown of SWAP70 (∼80% knockdown efficiency; [Figure 4](#fig4){ref-type="fig"}A) affected uptake of FITC-labeled zymosan by flow cytometry ([Figure S5](#mmc1){ref-type="supplementary-material"}A). For all donors tested, SWAP70 knockdown reduced the phagocytosis capacity of dendritic cells. The total fraction of cells that ingested zymosan was significantly reduced upon SWAP70 knockdown ([Figures 4](#fig4){ref-type="fig"}B and [S5](#mmc1){ref-type="supplementary-material"}B). In this fraction of cells that took up zymosan, the total uptake was also significantly reduced ([Figures 4](#fig4){ref-type="fig"}C, [S5](#mmc1){ref-type="supplementary-material"}C, and S5D). Lower zymosan uptake upon SWAP70 knockdown was also apparent from confocal imaging ([Figures 4](#fig4){ref-type="fig"}D and 4E). Zymosan uptake could be rescued by combining SWAP70 knockdown with overexpression of SWAP70-GFP with altered codon usage to protect it from siRNA targeting ([Figures 4](#fig4){ref-type="fig"}F, [S5](#mmc1){ref-type="supplementary-material"}E, and S5F). These results contrast a study where TAT-mediated transduction of human granulocytes with a dominant-negative form of SWAP70 did not (or only somewhat) affect phagocytosis of gonococci via CEACAM3 ([@bib72]). We also tested the effect of SWAP70 knockdown on pinocytosis, because SWAP70 is recruited to pinosomes ([@bib60]) and S1P-induced endocytosis is reduced in dendritic cells from SWAP70^−/−^ mice ([@bib62]). Similar to our findings with zymosan particles, we observed a significant reduction (∼25%) in uptake of BSA labeled with Alexa Fluor 488 ([Figure S5](#mmc1){ref-type="supplementary-material"}G).

In our flow cytometry experiments, we stained F-actin with fluorescently labeled phalloidin. This allowed quantification of the amount of F-actin per cell. Knockdown of SWAP70 led to a small (∼10%--20%) but significant reduction of F-actin ([Figures 4](#fig4){ref-type="fig"}G and [S5](#mmc1){ref-type="supplementary-material"}H). This result is in line with the reduced F-actin levels in macrophages from SWAP70^−/−^ mice ([@bib13]). Confocal imaging showed that the percentage of F-actin-positive phagosomes was reduced by ∼50% upon SWAP70 knockdown and the phalloidin intensity at these F-actin-positive phagosomes was also reduced by ∼50% ([Figures 4](#fig4){ref-type="fig"}H and 4I). We no longer observed the parallel arches or rings of F-actin on the surface of the phagosomes by STED microscopy upon SWAP70 knockdown, whereas these structures were readily observable in the non-targeting siRNA control ([Figures S6](#mmc1){ref-type="supplementary-material"}A and S6B). Phagosomes of SWAP70 knockdown dendritic cells still contained PI(4,5)P~2~, PI(3,4,5)P~3~, and PI(3,4)P~2~ based on experiments with the GFP-tagged phosphoinositide probes ([Figure S6](#mmc1){ref-type="supplementary-material"}C). Thus, knockdown of SWAP70 leads to a phagocytotic defect and reduced actin filament formation around phagosomes. Our data suggest that SWAP70 acts as a scaffolding protein, coordinating the tethering and stabilization of actin filaments on the phagosome surface. We then investigated the role of RAC1 in this process.

SWAP70 Promotes Phagosomal RAC1 Activity {#sec2.4}
----------------------------------------

SWAP70 can bind to RHO-GTPases, including the activated form of RAC1 ([@bib43], [@bib60], [@bib61], [@bib76]). RAC1 activity is promoted by its binding to SWAP70 ([@bib20], [@bib59], [@bib73], [@bib77]). RAC1 stimulates actin polymerization on phagosomes by Arp2/3 through activation of WAVE ([@bib79]). In its inactive state, RAC1 is associated to RHO-GDI that keeps the protein in the cytosol. Dissociation of RHO-GDI from RAC1 results in membrane association of RAC1 via insertion of its geranyl-geranyl moiety ([@bib9], [@bib82]). RAC1 is transiently recruited to phagosomes and disappears within minutes after phagocytic cup closure ([@bib40], [@bib60]). By confocal microscopy, we estimated that the majority (60%--90%, depending on the donor) of SWAP70-positive zymosan phagosomes contained RAC1 and ∼70% of these also contained F-actin ([Figures 5](#fig5){ref-type="fig"}A and 5B). RAC1 not only localized to phagosomes but also to the plasma membrane, as reported previously for lymphocytes ([@bib12]). In live cell imaging experiments, overexpressed RAC1 fused to RFP ([@bib40]) also localized to phagosomes simultaneously with SWAP70-GFP ([Figures 5](#fig5){ref-type="fig"}C and 5D; [Movie S14](#mmc15){ref-type="supplementary-material"}). By multi-color three-dimensional STED microscopy, we observed strong overlap between RAC1 and SWAP70 on the surface of phagosomes ([Figure 5](#fig5){ref-type="fig"}E; [Movie S15](#mmc16){ref-type="supplementary-material"}). As expected, based on the high overlap between SWAP70 and F-actin, RAC1 also overlapped with F-actin on the surface of phagosomes ([Figure 5](#fig5){ref-type="fig"}F; [Movie S16](#mmc17){ref-type="supplementary-material"}).

We then decided to test how knockdown of SWAP70 would affect RAC1 activation by measuring activated (GTP-bound) RAC1 by a colorimetric assay. Although such global methods are not optimal to detect localized changes, SWAP70 knockdown reduced the zymosan-induced activation of RAC1 almost completely ([Figure 5](#fig5){ref-type="fig"}G). The recruitment of total RAC1 to phagosomes was also reduced upon SWAP70 knockdown by ∼60% ([Figure 5](#fig5){ref-type="fig"}H). We showed that phagosomal F-actin was also reduced upon SWAP70 knockdown ([Figures 4](#fig4){ref-type="fig"}H and 4I). The residual phagosomes that contained RAC1 in the SWAP70 knockdown samples had similar levels of F-actin as the RAC1-positive phagosomes in the control samples ([Figure 5](#fig5){ref-type="fig"}I). This indicates that SWAP70 affects both phagosomal RAC1 and F-actin equally. The residual RAC1 and F-actin recruitment could be due to functional redundancy (i.e., another scaffolding protein) and/or to residual SWAP70. Our results are reminiscent of the reduced levels of activated RAC1 in Mast cells isolated from SWAP70^−/−^ mice ([@bib76]) and of the reduced RAC1 recruitment to actin-rich areas in dendritic cells from SWAP70^−/−^ mice ([@bib62]). Thus, SWAP70 promotes the presence of F-actin and RAC1 on phagosomes.

Discussion {#sec3}
==========

SWAP70 is a multitasking protein, harboring multiple domains that can bind to DNA, phosphoinositides, RHO-GTPases, and F-actin. SWAP70 is implicated in many diseases, including cancer ([@bib14], [@bib26], [@bib59], [@bib74]), various autoimmune diseases ([@bib3], [@bib5], [@bib21], [@bib81], [@bib85]), and HIV ([@bib46]). In this study, we show that SWAP70 is recruited to the surface of the nascent phagocytic cup in dendritic cells. SWAP70 remains associated with phagosomes for ∼1--3 min but up to 15 min after cup closure, reminiscent of the transient localization of SWAP70 to early macropinosomes in mouse dendritic cells and NIH/3T3 cells ([@bib60]). Knockdown of SWAP70 reduces phagosomal F-actin and RAC1 and impairs phagocytosis. SWAP70 localization to phagosomes was much stronger than to other F-actin-rich structures such as podosomes ([@bib31]). Our results indicate that SWAP70 is recruited to phagosomes via association of its PH-domain to PI(3,4)P~2~. This confirms previous phosphoinositide dot-blot results indicating preferential binding of SWAP70 to PI(3,4)P~2~ regulates the actin cytoskeleton for cell protrusion ([@bib38]). SWAP70 was also identified as a PI(3,4)P~2~ binding protein in a quantitative phosphoinositide-binding proteomics study in HeLa cells ([@bib44]). Finally, binding of SWAP70 to PI(3,4)P~2~ was observed in competitive pull-down experiments, although in this case SWAP70 bound stronger to PI(3,4,5)P~3~ ([@bib73]). Thus, it seems reasonable to conclude that the PH-domain of SWAP70 preferentially binds to PI(3,4)P~2~, although it may also bind to PI(3,4,5)P~3~.

Phosphoinositides recruit factors promoting the polymerization and tethering of actin fibers to phagosomes ([@bib51]). Especially, PI(4,5)P~2~ is well-understood in these processes via the ERM proteins, CDC42 and WASP ([@bib7], [@bib40], [@bib68], [@bib90]). PI(3,4)P~2~ has not yet been described to play a role in phagosomal actin and was long believed to be merely a transition product in the conversion from PI(3,4,5)P~3~ to PI(3)P ([@bib52]). In fact, the action of SHIP1 was even reported to negatively affect both CR3 and Fcγ receptor-mediated phagocytosis, as it decreased levels of PI(3,4,5)P~3~ on the nascent phagosome ([@bib41]). However, it is now increasingly clear that PI(3,4)P~2~ is a signaling phosphoinositide itself with unique roles in phagocytosis and pinocytosis ([@bib52], [@bib55], [@bib87]). Several proteins specifically bind to PI(3,4)P~2~, such as TAPP1 (PLEKHA1) or TAPP2 (PLEKHA2), which are both involved in actin remodeling via their interaction with syntrophins ([@bib39]). PI(3)P is the main phosphoinositide of early endosomes/phagosomes, and the RAB5A effector protein EEA1 is recruited to PI(3)P by binding of its FYVE-domain ([@bib51], [@bib75]). The finding that SWAP70 does not bind to PI(3)P is in accordance with our observations that SWAP70 is recruited to phagosomes prior to EEA1 and RAB5A and with the reported finding that SWAP70 recruitment to macropinosomes occurs prior to RAB5A ([@bib60]).

Our super-resolution STED-microscopy showed that SWAP70 aligned with F-actin and RAC1 on the surface of phagosomes, forming parallel arches and rings. Upon knockdown of SWAP70, these structures were no longer observable. The binding of the C-terminal domain of SWAP70 to non-muscle F-actin is well-established ([@bib28], [@bib38], [@bib43], [@bib59], [@bib73]). SWAP70 can oligomerize and thereby bundle actin filaments in both a parallel and anti-parallel fashion and this delays dilution-induced F-actin depolymerization ([@bib13]). This bundling of actin by SWAP70 likely explains the filamentous-like organization of SWAP70 on the phagosome surface revealed by STED. We also observed overlap between SWAP70 and RAC1 and impairment of RAC1 activation upon SWAP70 knockdown. Although SWAP70 was initially shown to be a guanine nucleotide exchange factor (GEF) for RAC1 ([@bib73]), this is no longer believed ([@bib60]) because mammalian SWAP70 (and also plant SWAP70) ([@bib89]) binds to activated RHOA and RAC1, but not to GDP-bound or nucleotide-free RAC ([@bib43], [@bib59], [@bib60], [@bib61]). Likely, RAC1 is activated by GEFs such as DOCK180 (DOCK1) and VAV ([@bib70], [@bib79]) and stabilized in its active form by SWAP70. Our findings are in accordance with the reduced activation of RAC1 and decreased recruitment to actin-rich cellular regions in SWAP70^−/−^ mice ([@bib73], [@bib77], [@bib62]). Moreover, the aberrant activation of RAC seen in Kaposi's sarcoma requires SWAP70 ([@bib20]). Our data and these studies all support a role for SWAP70 in regulation of RHO-GTPases and hence we conclude that SWAP70 does not only bind and stabilize the phagocytic actin cage, but also promotes their formation via binding-activated RAC1 ([Figure 5](#fig5){ref-type="fig"}J).

What is the sequence of events of SWAP70, RAC1, and F-actin recruitment to the phagocytic cup? Our data show that phosphoinositide binding by the PH-domain of SWAP70 clearly contributes to specific phagosomal recruitment. This result corroborates previous findings that a SWAP70 mutant impaired in PI(3,4,5)P~3~ binding failed to locate to F-actin rich plasma membrane ruffles ([@bib26], [@bib73], [@bib86]). The binding of SWAP70 to RAC1 likely also contributes to phagosomal recruitment, as our data show that phagosomal recruitment is supported by both the N-terminal fragment (containing the EF-hand motif) and the putative Dbl-homology domain (DH) ([@bib73]) of SWAP70, but not by its C-terminal actin-binding region, similar to previous findings with macropinosomes ([@bib60]). In accordance with this notion, RAC1 is recruited to the extending pseudopods of the nascent cup of phagosomes ([@bib40]), and SWAP70 is recruited after RAC1 to macropinosomes ([@bib60]). However, we did not observe such a clear time-dependency for phagosomes in dendritic cells and instead saw simultaneous recruitment of SWAP70 and RAC1 and reduced RAC1 recruitment upon SWAP70 knockdown. Because SWAP70 binds to activated RAC1 ([@bib43], [@bib59], [@bib61]), it may well be that SWAP70 and RAC1 are recruited to nascent phagosomes by a positive feedback loop, where binding of SWAP70 to PI(3,4)P~2~ results in recruitment of activated RAC1 and F-actin that in turn recruits more SWAP70 ([Figure 5](#fig5){ref-type="fig"}J). PI(3,4)P~2~ may also directly recruit RAC1 itself and promote RAC-GEF activation, as is well-established for PI(3,4,5)P~2~ ([@bib23], [@bib37], [@bib58]). The notion that SWAP70 is recruited to phagosomes by multiple binding partners is supported by the finding that the N-terminal region, the PH-domain, and the putative Dbl-homology domain (DH) all contribute to binding of SWAP70 to phagosomes. Such a synergistic engagement of multiple binding partners is called coincidence detection ([@bib10]) and is a well-understood mechanism to achieve highly restricted localizations as the one we report here for SWAP70 at phagosomes.

Our data show that SWAP70 plays a role in the assembly of the F-actin cage on phagosomes that persists well after cup-closure and depends on PI(3,4)P~2~. This is not only a novel role for PI(3,4)P~2~ in the organization of actin on phagosomes, but it also refutes the long-standing believe that F-actin on early phagosomes is primarily depending on PI(4,5)P~2~ and PI(3,4,5)P~3~, but not on other 3-phosphoinositides ([@bib7], [@bib40], [@bib68], [@bib90]). Likely, the formation of an F-actin cage by SWAP70 promotes the remodeling of the membrane and provides a mechanic pulling force for ingestion of the phagocytic load ([@bib57]). F-actin surrounding newly internalized phagosomes is known to rapidly depolymerize upon the conversion of PI(4,5)P~2~ to PI(3,4,5)P~3~, which leaves the phagosome membrane available to fuse with endosomes and lysosomes ([@bib57], [@bib71]). Retaining the F-actin cage on the phagocytic surface by SWAP70 likely delays this phagosomal maturation, which could well explain the maturation defects and reduced T cell activation observed in SWAP70-deficient dendritic cells ([@bib61], [@bib63]). Thereby, SWAP70 could potentially lead to preservation or rerouting of the phagocytic cargo for specific processing of antigen for naive T cell activation.

Experimental Procedures {#sec4}
=======================

Antibodies and Reagents {#sec4.1}
-----------------------

The following primary antibodies were used: rabbit polyclonal anti-SWAP70 (Novus Biologicals; cat. no NBP1-82979) at 1:200 dilution (v/v) for immunofluorescence (IF) and 1:500 for western blot; mouse IgG1 anti-EEA1 (BD Biosciences; cat. no. 610457) at 1:100; mouse IgG1 anti-LAMP1 (Biolegend; 328601) at 1:200; mouse monoclonal anti-RAC1 (Cell Biolabs; 240106) at 1:100; mouse IgG1 anti-FITC Alexa Fluor 647 (Jackson ImmunoResearch; 200-602-037) at 1:200; rabbit polyclonal anti-actin (Sigma; A5060) at 1:100; and mouse IgG1 anti-CYBB (MBL; D162-3) at 1:200. The following secondary antibodies were used: goat-anti-mouse Alexa Fluor 488 (Life Technologies; A11029); goat-anti-rabbit Alexa Fluor 568 or 647 (Life Technologies; A11036 and A21245); goat-anti-mouse STAR635 (Abberior; 2-0002-002-0); sheep-anti-mouse KK114 (Abberior Red); and goat-anti-rabbit Alexa Fluor 594 (Abcam; ab150084). For immunoblotting goat-anti-rabbit IRDye 800CW (Li-Cor; 926-32211) and goat-anti-mouse IRDye 680CW (Li-Cor; 926-32220) were used. Alexa Fluor 633-labeled phalloidin was from ThermoFisher (A22284) and used at 1:200 (v/v). mCLING labeled with ATTO647N was from Synaptic Systems (710006AT1) and used at 1:200 (v/v). The RAC1 activation G-LISA kit was from Cytoskeleton (BK128-S).

Cells and Transfection {#sec4.2}
----------------------

Buffy coats from healthy donors (consent obtained and according to national ethics guidelines and approved by the institutional review board \[Radboud UMC\]) were used to isolate peripheral monocytes as described ([@bib17]). Constructs for full-length human SWAP70, the PH-domain (residues 210--306), the PH-domain and full-length SWAP70 with R223E and R224E mutations, and C- and N-terminal truncations (residues 205--585, 1--313, 1--525, and 1--572) were generated as codon-optimized synthetic genes (Genscript) in the EcoRI/BamHI sites of pEGFP-C1 and pmCherry-C1 (Clontech). RAB5A-mRFP was a gift from Ari Helenius (Addgene plasmid \#14437) ([@bib84]). YFP-RAC1 was a gift from Joel Swanson (Addgene plasmid \#11391) ([@bib40]) and was re-cloned into mCherry-C1. LifeAct-RFP was a gift from Michael Sixt (Max Planck Institute of Biochemistry, Martinsried). GFP-C1-PLCD1-PH was a gift from Tobias Meyer (Addgene plasmid \#21179) ([@bib78]). The GFP-tagged PH-domain of AKT is described ([@bib16]). NCF4-PX-EGFP was a gift from Michael Yaffe (Addgene plasmid \#19010) ([@bib45]). The GFP-tagged residues 179--311 of TAPP2 are described ([@bib16], [@bib36]). Mouse MCOLN1 residues 1--68 were generated as a synthetic gene in the XhoI/BamHI sites of pEGFP-C1. Transfection was performed as described ([@bib4], [@bib18]) and zymosan uptake and imaging experiments were performed 8--12 hr post-transfection.

Microscopy {#sec4.3}
----------

Samples were imaged with a Leica SP8 confocal microscope fitted with a 63× 1.2 NA water immersion objective. For live cell microscopy, cells were imaged 3--5 hr post-transfection with IgG-opsonized zymosan at 1:10 cell-to-particle ratio. Imaging was performed in Hank's balanced salt solution (HBSS) (ThermoFisher, 14025050) supplemented with 10 mM HEPES at pH 7.4. Samples were imaged with a Leica DMI6000 epi-fluorescence microscope fitted with a 63× 1.4 NA oil immersion objective, a metal halide EL6000 lamp for excitation, a DFC365FX CCD camera, and GFP and DsRed filter sets (all from Leica). Focus was kept stable with the adaptive focus control from Leica.

The STED microscope was from Abberior Instruments. Emission of two fluorescent markers (excitation \[Ex.\]: 560/640 nm, emission \[Em.\]: 580--630 nm/640--720 nm) was depleted with a single STED-laser operating at 775 nm with 800 picosecond (ps) long pulses at 40 MHz. The STED-laser point-spread-function was shaped by a spatial light modulator. STED-laser power in the back-focal-plane was 180 mW, with 65% of that power used for the 2D-donut and 35% for the 3D-donut. Zymosan particles were detected by excitation at 485 nm and collecting autofluorescence at 500--550 nm. Excitation power of the three excitation lasers 485 nm/560 nm/640 nm were 4 μW/10 μW/8 μW in the back-focal-plane of an 100× 1.4 NA oil immersion objective (Olympus).

Fluorescence-Activated Cell Sorting {#sec4.4}
-----------------------------------

For fluorescence-activated cell sorting (FACS), cells were incubated with FITC-labeled zymosan at 1:10 cell-to-zymosan ratio or 100 μg mL^−1^ BSA-AF488 for 5 min to 2 hr. Incubation was 1 hr for the uptake experiments with 3AC and AS1949490. Cells were fixed in 4% PFA (w/v) and F-actin was labeled with Alexa Fluor 633 phalloidin in S-PBS (see the [Supplemental Information](#app2){ref-type="sec"}). Data were acquired on a FACS-Calibur cytometer (BD Biosciences).

Statistical Analysis {#sec4.5}
--------------------

All data were analyzed using Student's two-tailed paired t tests. A p value \< 0.05 was regarded as statistically significant (^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001).
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Document S1. Supplemental Experimental Procedures and Figures S1--S6Movie S1. Live Cell Imaging of SWAP70-GFP and LifeAct-RFP Recruitment to the Phagosome, Related to Figure 1Time-lapse epi-fluorescence imaging of dendritic cells transiently expressing SWAP70-GFP (green) and LifeAct-RFP (magenta) and pulsed with IgG-opsonized zymosan. Images were acquired every 20 sec. BF: bright field. Scale bar, 5 μm.Movie S2. Example 1 of the Ultrastructure of SWAP70 on the Phagosomal Surface by Multicolor 3D-STED Microscopy. Related to Figure 1The animated reconstruction from Figure 1F shows concentric F-actin rings on the phagosomal surface. Dendritic cells were pulsed with zymosan (blue; autofluorescent core) and immunostained for SWAP70 (magenta). Total membranes were labeled with the fixable endocytic marker mCLING (green; Revelo et al., 2014). The bright mCLING-labeled structures surrounding the phagosome are endo/lysosomal compartments. The movies show 3D-rotations of single SWAP70-positive phagosomes. Note the alignment of SWAP70 in concentric fibers (movies 2--4) and rings (movies 5--6) on the surface of the phagosomes. The ventral membrane is positioned on the surface of the microscope cover glass; the dorsal membrane is facing away from it. Scale bars, approximately 2 μm.Movie S3. Example 2 of the Ultrastructure of SWAP70 on the Phagosomal Surface by Multicolor 3D-STED Microscopy. Related to Figure 1The animated reconstruction from Figure 1F shows concentric F-actin rings on the pagosomal surface. Dendritic cells were pulsed with zymosan (blue; autofluorescent core) and immunostained for SWAP70 (magenta). Total membranes were labeled with the fixable endocytic marker mCLING (green; Revelo et al., 2014). The bright mCLING-labeled structures surrounding the phagosome are endo/lysosomal compartments. The movies show 3D-rotations of single SWAP70-positive phagosomes. Note the alignment of SWAP70 in concentric fibers (movies 2--4) and rings (movies 5--6) on the surface of the phagosomes. The ventral membrane is positioned on the surface of the microscope cover glass; the dorsal membrane is facing away from it. Scale bars, approximately 2 μm.Movie S4. Example 3 of the Ultrastructure of SWAP70 on the Phagosomal Surface by Multicolor 3D-STED Microscopy. Related to Figure 1The animated reconstruction from Figure 1F shows concentric F-actin rings on the phagosomal surface. Dendritic cells were pulsed with zymosan (blue; autofluorescent core) and immunostained for SWAP70 (magenta). Total membranes were labeled with the fixable endocytic marker mCLING (green; Revelo et al., 2014). The bright mCLING-labeled structures surrounding the phagosome are endo/lysosomal compartments. The movies show 3D-rotations of single SWAP70-positive phagosomes. Note the alignment of SWAP70 in concentric fibers (movies 2--4) and rings (movies 5--6) on the surface of the phagosomes. The ventral membrane is positioned on the surface of the microscope cover glass; the dorsal membrane is facing away from it. Scale bars, approximately 2 μm.Movie S5. Example 4 of the Ultrastructure of SWAP70 on the Phagosomal Surface by Multicolor 3D-STED Microscopy. Related to Figure 1The animated reconstruction from Figure 1F shows concentric F-actin rings on the phagosomal surface. Dendritic cells were pulsed with zymosan (blue; autofluorescent core) and immunostained for SWAP70 (magenta). Total membranes were labeled with the fixable endocytic marker mCLING (green; Revelo et al., 2014). The bright mCLING-labeled structures surrounding the phagosome are endo/lysosomal compartments. The movies show 3D-rotations of single SWAP70-positive phagosomes. Note the alignment of SWAP70 in concentric fibers (movies 2--4) and rings (movies 5--6) on the surface of the phagosomes. The ventral membrane is positioned on the surface of the microscope cover glass; the dorsal membrane is facing away from it. Scale bars, approximately 2 μm.Movie S6. Example 5 of the Ultrastructure of SWAP70 on the Phagosomal Surface by Multicolor 3D-STED Microscopy. Related to Figure 1The animated reconstruction from Figure 1F shows concentric F-actin rings on the phagosomal surface. Dendritic cells were pulsed with zymosan (blue; autofluorescent core) and immunostained for SWAP70 (magenta). Total membranes were labeled with the fixable endocytic marker mCLING (green; Revelo et al., 2014). The bright mCLING-labeled structures surrounding the phagosome are endo/lysosomal compartments. The movies show 3D-rotations of single SWAP70-positive phagosomes. Note the alignment of SWAP70 in concentric fibers (movies 2--4) and rings (movies 5--6) on the surface of the phagosomes. The ventral membrane is positioned on the surface of the microscope cover glass; the dorsal membrane is facing away from it. Scale bars, approximately 2 μm.Movie S7. SWAP70 and F-Actin Alignment on the Phagosomal Surface by Multicolor 3D-STED Microscopy, Related to Figure 1Dendritic cells were pulsed with zymosan (blue; autofluorescent core) and immunostained for SWAP70 (magenta) a1nd actin (green). The movie shows a 3D-rotation of a single SWAP70-positive phagosome. Note the alignment of SWAP70 and F-actin on the surface of the phagosomes. Yellow lines indicate the orientation of F-actin and SWAP70-positive filamentous structures. Scale bar, approximately 2 μm.Movie S8. Polarized Recruitment of SWAP70 to the Nascent Phagosomal Cup, Related to Figure 23D-confocal stack of a nascent phagosome. FITC-labeled zymosan (green) was phagocytosed by dendritic cells. Uninternalized zymosan and nascent cups were labeled with an antibody directed against FITC (blue). SWAP70 was immunolabeled (magenta). The movie shows a 3D-rotation of a single SWAP70-positive nascent phagosomal cup. Scale bar, approximately 2 μm.Movie S9. Live Cell Imaging of SWAP70-GFP and RAB5A-RFP Recruitment to the Phagosome, Related to Figure 2Time-lapse epi-fluorescence imaging of dendritic cells transiently expressing SWAP70-GFP (green) and RAB5A-RFP (magenta) and pulsed with IgG-opsonized zymosan. Images were acquired every 15 sec. BF: bright field. Scale bar, 5 μm.Movie S10. Live Cell Imaging of the Phosphoinositide Probe for PI(3,4)P2 and SWAP70-mCherry Recruitment to the Phagosome, Related to Figure 3Time-lapse epi-fluorescence imaging of dendritic cells transiently expressing the GFP-tagged PH-domain of TAPP2 (PLEKHA2) (binds to PI(3,4)P2; green) and SWAP70-mCherry (magenta) and pulsed with IgG-opsonized zymosan. Images were acquired every 15 sec. BF: bright field. Scale bar, 5 μm.Movie S11. Live Cell Imaging of the Phosphoinositide Probe for PI(3,4,5)P3 and SWAP70-mCherry Recruitment to the Phagosome, Related to Figure 3Time-lapse epi-fluorescence imaging of dendritic cells transiently expressing the GFP-tagged PH-domain of AKT (binds to PI(3,4,5)P3; green) and SWAP70-mCherry (magenta) and pulsed with IgG-opsonized zymosan. Images were acquired every 15 sec. BF: bright field. Scale bar, 5 μm.Movie S12. Live Cell Imaging of the Phosphoinositide Probe for PI(4,5)P2 and SWAP70-mCherry Recruitment to the Phagosome, Related to Figure 3Time-lapse epi-fluorescence imaging of dendritic cells transiently expressing the GFP-tagged PH-domain of PLCδ1 (PLCD1; binds to PI(4,5)P2; green) and SWAP70-mCherry (magenta) and pulsed with IgG-opsonized zymosan. Images were acquired every 15 sec. BF: bright field. Scale bar, 5 μm.Movie S13. Live Cell Imaging of the Phosphoinositide Probe for PI(3)P and SWAP70-mCherry Recruitment to the Phagosome, Related to Figure 3Time-lapse epi-fluorescence imaging of dendritic cells transiently expressing the GFP-tagged PX-domain of NCF4 (p40phox; binds to PI(3)P; green) and SWAP70-mCherry (magenta) and pulsed with IgG-opsonized zymosan. Images were acquired every 15 sec. BF: bright field. Scale bar, 5 μm.Movie S14. Live Cell Imaging of SWAP70-GFP and RAC1-RFP Recruitment to the Phagosome, Related to Figure 5Time-lapse epi-fluorescence imaging of dendritic cells transiently expressing SWAP70-GFP (green) and RAC1-RFP (magenta) and pulsed with IgG-opsonized zymosan. Images were acquired every 15 sec. BF: bright field. Scale bar, 5 μm.Movie S15. SWAP70 and RAC1 Alignment on the Phagosomal Surface by Multicolor 3D-STED Microscopy, Related to Figure 5Dendritic cells were pulsed with zymosan (blue; autofluorescent core) and immunostained for SWAP70 (magenta) and RAC1 (green). The movie shows a 3D-rotation of a single SWAP70-positive phagosome. Note the alignment of SWAP70 and RAC1on the surface of the phagosomes. Yellow lines indicate the orientation of SWAP70 and RAC1-positive filamentous structures. Scale bar, approximately 2 μm.Movie S16. RAC1and F-Actin Alignment on the Phagosomal Surface by Multicolor 3D-STED Microscopy, Related to Figure 5Dendritic cells were pulsed with zymosan (blue; autofluorescent core) and immunostained for RAC1 (magenta) and actin (green). The movie shows a 3D-rotation of a single SWAP70-positive phagosome. Note the alignment of RAC1and F-actin on the surface of the phagosomes. Yellow lines indicate the orientation of RAC1and F-actin-positive filamentous structures. Scale bar, approximately 2 μm.Document S2. Article plus Supplemental Information
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![SWAP70 Aligns with Actin Filaments on the Phagosomal Surface\
(A) Confocal micrograph of zymosan pulsed dendritic cells immunostained for SWAP70 (magenta in merge) and F-actin (green). Pink arrowheads, double-positive phagosomes; yellow arrowheads, phagosomes only positive for SWAP70; BF, bright field.\
(B) Quantification of (A). Aver., average ± SEM (∼100 cells/donor).\
(C) Live cell imaging of zymosan-pulsed dendritic cells expressing SWAP70-GFP (green in merge) and LifeAct-RFP (magenta). The inset shows a time series during zymosan uptake. See also [Movie S1](#mmc2){ref-type="supplementary-material"}.\
(D) Quantification from (C). The histogram shows the time difference of peak recruitment of SWAP70-GFP and LifeAct-RFP based on fluorescence intensities (40 phagosomes). Negative values indicate that LifeAct was recruited prior to SWAP70 and positive values later than SWAP70.\
(E) Confocal (top) and super-resolution 3D-STED (bottom) microscopy of dendritic cells pulsed with zymosan (blue) and immunostained for SWAP70 (magenta).\
(F and G) 3D-reconstructions of the STED from (E). Often, parallel arches (F) (yellow arrowheads and depicted in the insets) and rings (G) of SWAP70 were visible. This is more clear in the 3D-rotations ([Movies S2](#mmc3){ref-type="supplementary-material"}, [S3](#mmc4){ref-type="supplementary-material"}, [S4](#mmc5){ref-type="supplementary-material"}, [S5](#mmc6){ref-type="supplementary-material"}, and [S6](#mmc7){ref-type="supplementary-material"}).\
(H--J) Same as (F) and (G) but now with co-staining for F-actin (green). Shown are cross-section and orthogonal sections (H; indicated by dashed yellow lines), the maximum intensity surface projection (I), and maximum intensity height maps (J). Note the overlap of SWAP70 and F-actin on the surface of the phagosome (yellow arrowhead). Scale bars, 10 μm (A and C); 2 μm (E--H).\
See also [Movie S7](#mmc8){ref-type="supplementary-material"}.](gr1){#fig1}

![SWAP70 Is Recruited to Nascent Phagosomes\
(A) Human dendritic cells were pulsed with a combination of FITC-labeled zymosan (zymosan-FITC; green in merge) and latex beads followed by immunostaining for SWAP70 (magenta). SWAP70 was recruited to both zymosan (pink arrowheads) and latex beads (yellow arrowhead). BF, bright field. See also [Figure S1](#mmc1){ref-type="supplementary-material"}A.\
(B) Maximum intensity z projection of zymosan-pulsed dendritic cells immunostained for SWAP70 (magenta) and F-actin (green). F-actin and SWAP70 are shown in the fire look-up-table to emphasize the low recruitment of SWAP70 to podosomes (podosome region encircled in yellow) compared to phagosomes (pink arrowheads).\
(C) Identification of nascent cups by labeling of zymosan-FITC (green) with an antibody (blue; anti-FITC) in absence of permeabilization. Only free zymosan particles (yellow arrowhead) and nascent cups (pink) were accessible to anti-FITC labeling. Inset: magnification of a nascent cup. See also [Movie S8](#mmc9){ref-type="supplementary-material"}.\
(D--F) Phagosomes in dendritic cells from three different donors over time of uptake (∼70 cells/donor/time point) were analyzed for the fraction of SWAP70-positive phagosomes (D), the fraction of nascent cups to total phagosomes (E), and the fraction of SWAP70-positive nascent cups to all SWAP70-positive phagosomes (F).\
(G) Residence time of SWAP70-GFP on phagosomes quantified based on live cell imaging (150 phagosomes).\
(H) Live cell imaging of dendritic cells expressing SWAP70-GFP (green in merge) and RAB5A-RFP (magenta). The inset shows a time series during zymosan uptake (arrowhead). See also [Figures S1](#mmc1){ref-type="supplementary-material"}B--S1E and [Movie S9](#mmc10){ref-type="supplementary-material"}.\
(I) Quantification from (H). The histogram shows the time difference of peak recruitment of SWAP70-GFP and RAB5A-RFP based on fluorescence intensities (50 phagosomes). Negative values indicate that RAB5A was recruited prior to SWAP70 and positive values later than SWAP70. Scale bars, 10 μm.](gr2){#fig2}

![Phagosomal SWAP70 Is Mainly Recruited by PI(3,4)P~2~\
(A) Confocal images of zymosan-pulsed dendritic cells expressing GFP-tagged phosphoinositide-probes (PI probe; green in merge) and immunolabeled for SWAP70 (magenta). The following PI probes were used: the PH-domain of PLCδ1 for PI(4,5)P~2~, the PH-domain of AKT for PI(3,4,5)P~3~, the PH-domain of TAPP2 for PI(3,4)P~2~, the PX-domain of NCF4 for PI(3)P, and the N-terminal sequence of MCOLN1 for PI(3,5)P~2~. Yellow arrowheads, phagosomes positive for SWAP70; BF, bright field. See also [Figure S2](#mmc1){ref-type="supplementary-material"} and [Movies S10](#mmc11){ref-type="supplementary-material"}, [S11](#mmc12){ref-type="supplementary-material"}, [S12](#mmc13){ref-type="supplementary-material"}, and [S13](#mmc14){ref-type="supplementary-material"}.\
(B) The percentages of phagosomes positive for the phosphoinositide biomarkers and endogenous SWAP70 (mean ± SEM for three donors; \>60 phagosomes/condition).\
(C) Same as (B) but now with the mCherry-tagged PH-domain of SWAP70 (PH-SWAP70; mean ± SEM for three donors). See also [Figures S3](#mmc1){ref-type="supplementary-material"}A--S3C.\
(D) Phagocytosis capacity with the SHIP1 inhibitor 3AC by flow cytometry. MFI, mean fluorescence intensity of the zymosan-FITC signal (mean ± SEM for three donors). EtOH, ethanol solvent control. See also [Figure S3](#mmc1){ref-type="supplementary-material"}D.\
(E) Same as (D) but now for the SHIP2 inhibitor AS1949490. DMSO, solvent control. See also [Figure S3](#mmc1){ref-type="supplementary-material"}E.\
(F) Confocal micrographs of dendritic cells pulsed with zymosan in the presence or absence of 25 μM 3AC. Yellow arrowheads, phagosomes positive for SWAP70.\
(G and H) Quantification of SWAP70-positive phagosomes after 30 min internalization for the 3AC (G) and AS1949490 (H) concentrations indicated (mean ± SEM for three donors; \>80 phagosomes/donor/condition). Scale bars, 10 μm (A), 20 μm (F).\
See also [Figures S3](#mmc1){ref-type="supplementary-material"}F--S3K and [S4](#mmc1){ref-type="supplementary-material"}.](gr3){#fig3}

![SWAP70 Regulates Phagocytosis and Phagosomal F-Actin\
(A) Knockdown of dendritic cells with control (black, siControl) or SWAP70 siRNA (orange, siSWAP70) quantified by western blot (mean ± SEM). GAPDH, loading control.\
(B) Dendritic cells with siSWAP70 were pulsed with FITC-labeled zymosan. Zymosan-positive cells were quantified by FACS after 30 and 60 min for at least four donors. See also [Figures S5](#mmc1){ref-type="supplementary-material"}A and S5B.\
(C) The total zymosan-FITC signal for the zymosan-positive cells from (B). MFI, mean fluorescence intensity. See also [Figures S5](#mmc1){ref-type="supplementary-material"}C and S5D.\
(D) Confocal micrographs of FITC-labeled zymosan (red) pulsed dendritic cells with siControl (left) or siSWAP70 (right). F-actin was stained with phalloidin (cyan). Yellow arrowheads, F-actin positive phagosomes. Scale bar, 20 μm.\
(E) Quantification of phagocytosis from (D) (mean ± SEM; \>40 cells/donor/condition).\
(F) Rescue experiment of phagocytosis for dendritic cells with siSWAP70 and SWAP70-GFP (individual donors shown). See also [Figures S5](#mmc1){ref-type="supplementary-material"}E and S5F.\
(G) The MFI of phalloidin labeling in the zymosan-positive and -negative populations of cells from (B).\
(H) Percentage of phalloidin-positive phagosomes from (D).\
(I) Quantification of the phalloidin signals of F-actin-positive phagosomes from (D).\
See also [Figures S5](#mmc1){ref-type="supplementary-material"}G, S5H, and [S6](#mmc1){ref-type="supplementary-material"}.](gr4){#fig4}

![SWAP70 Promotes Phagosomal RAC1 Activity\
(A) Confocal micrographs and quantification of RAC1 (green in merge) and SWAP70 (magenta) positive phagosomes for seven donors (∼100 cells/donor). Aver., average ± SEM.\
(B) Venn diagram showing phagosomal distribution of RAC1, F-actin, and SWAP70.\
(C) Live cell imaging of dendritic cells expressing SWAP70-GFP (green in merge) and RAC1-RFP (magenta). The inset shows a time series during zymosan uptake. BF, bright field. See also [Movie S14](#mmc15){ref-type="supplementary-material"}.\
(D) Quantification from (C). The histogram shows the time difference of peak recruitment of SWAP70-GFP and RAC1-RFP based on fluorescence intensities (88 phagosomes). Negative values indicate that RAC1 was recruited prior to SWAP70 and positive values later than SWAP70.\
(E and F) Multicolor 3D-STED microscopy of zymosan-pulsed dendritic cells immunostained for RAC1 (green) and SWAP70 (magenta; E) or F-actin (F). Left: cross-section and orthogonal sections (indicated by dashed yellow lines). Middle: maximum intensity height maps. Right: maximum intensity surface projection. Yellow arrowheads, overlap of RAC1 with SWAP70 (E) or F-actin (F) on the surface of the phagosomes. See also [Movies S15](#mmc16){ref-type="supplementary-material"} and [S16](#mmc17){ref-type="supplementary-material"}.\
(G) RAC1 activation upon control (siControl) and SWAP70 siRNA (siSWAP70) after zymosan addition by G-LISA assay (Abs, absorbance units at 490 nm; mean ± SEM). The background (t = 0) is from cells without zymosan.\
(H) RAC1-positive phagosomes upon siControl and siSWAP70 counted by microscopy (\>20 cells/donor/condition analyzed; individual donors shown).\
(I) Phagosomes positive for F-actin and/or RAC1 with siControl or siSWAP70.\
(J) Model of F-actin cage formation by SWAP70. SWAP70 is recruited to phagosomes by coincidence detection. Scale bars: 10 μm (A and C), 2 μm (E and F).](gr5){#fig5}
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